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It was recently proposed that a giant flare of the blazar PKS B1424-418 at redshift z = 1.522
is in association with a PeV-energy neutrino event detected by IceCube. Based on this association
we here suggest that the flight time difference between the PeV neutrino and gamma-ray photons
from blazar flares can be used to constrain the violations of equivalence principle (EP) and the
Lorentz invariance for neutrinos. From the calculated Shapiro delay due to clusters or superclusters
in the nearby universe, we find that violation of the equivalence principle for neutrinos and photons
is constrained to an accuracy of at least 10−5, which is two orders of magnitude tighter than the
constraint placed by MeV neutrinos from supernova 1987A. Lorentz invariance violation (LIV) arises
in various quantum-gravity theories, which predicts an energy-dependent velocity of propagation in
vacuum for photons and neutrinos. We find that the association of the PeV neutrino with the
gamma-ray outburst set limits on the energy scale of possible LIV to > 0.01Epl for linear LIV
models and > 6 × 10−8Epl for quadratic order LIV models, where Epl is the Planck energy scale.
These are the most stringent constraints on neutrino LIV for subluminal neutrinos.
PACS numbers: 04.80.Cc, 04.60.Bc, 95.85.Ry, 98.54.Cm
Introduction— The IceCube Collaboration recently an-
nounced the discovery of extraterrestrial neutrinos, in-
cluding a couple of PeV-energy scale neutrinos [1, 2]. The
third PeV neutrino (IC 35) has an energy of 2004+236
−262TeV
and a median positional uncertainty of R50 = 15.9
◦
centered at the coordinate RA=208.4◦, Dec=−55.8◦
(J2000). By searching this field for positional coin-
cidences with gamma-ray-emitting active galactic nu-
clei (AGNs), a high-fluence outburst of the blazar PKS
B1424-418 is found to be in temporal and positional co-
incidence with the neutrino event[3]. An association be-
tween the giant flare of PKS B1424-418 and the PeV
neutrino is then suggested based on the unprecedented
nature of the two events and a posteriori probability for
chance coincidence of about 5% (i.e. a 2 σ confidence
correlation)[3]. It is also argued that the flare provides
an energy output high enough to explain the observed
PeV event[3]. PKS B1424-418 is at redshift z = 1.522
and classified as a flat spectrum radio quasar[5].
Assuming a real association between the outburst ac-
tivity of PKS B1424-418 and the PeV neutrino, we now
use the flight time difference between the PeV neutrino
and the blazar photons to constrain violations of the EP
and Lorentz invariance, since both theories predict flight
time difference for particles of different-species or with
different energies. PKS B1424-418 showed a long-lasting
high-fluence outburst in 100 MeV to 300 GeV gamma-
rays over the period from 2012 Jul 16 to 2013 Apr 30,
which spans the arrival time of the PeV neutrino. The
maximum possible time-travel delay between the begin-
ning of the outburst and the arrival of the neutrino is
about 160 days[3].
The Einstein equivalence principle (EP) states that
trajectory of any freely falling uncharged test body is
independent of its internal composition or structure. It
is a fundamental postulate of general relativity as well as
other metric theories of gravity[4]. Delays between ar-
rival times of photons and neutrinos from SN 1987A has
been used to test EP for neutrinos and photons through
the effect of Shapiro (gravitational) time delay[6, 7]. The
near simultaneous arrival of photons and neutrinos from
this core-collapse supernova confirmed that the Shapiro
delay for neutrinos is the same as that for photons to
within 0.2-0.5%. Recently, such a test has been applied to
different-energy photons in extragalactic transients (e.g.
gamma-ray bursts, fast radio bursts, TeV blazars)[8–12],
and also to gravitational waves[13, 14].
Some quantum-gravity (QG) models postulate an in-
herent structure of spacetime (e.g. a foamy structure)
near the Planck energy scale (Epl =
√
(~c5)/G ≃ 1.22×
1019GeV) (see e.g. ref.[15] for a review). It is speculated
that such QG effects can possibly lead to violations of
Lorentz Invariance (LIV) at very high energies[15]. One
manifestation of such violations could be a velocity dis-
persion, in which the speed of a photon or neutrino in
vacuum becomes dependent on its energy. Currently, the
most stringent limits (at 95% CL) on the ”QG energy
scale” (the energy scale that LIV-inducing QG effects be-
come important, EQG) are obtained from the GeV pho-
tons in the gamma-ray burst (GRB) 090510. The lim-
its are EQG,1 > (1 − 10)Epl and EQG,2 > 10
−8Epl for
linear and quadratic leading order LIV-induced vacuum
2dispersion, respectively[16, 17]. Using the SN1987a neu-
trino data, ref. [18] set limits of Eν,QG1 > 2.7× 10
−9Epl
and Eν,QG2 > 4 × 10
−15Epl for linear and quadratic or-
der LIV models respectively. Jacob & Piran[19] proposed
that GRB neutrinos at cosmological distance, if detected,
can constrain LIV to a much higher precision. Although
so far no neutrinos have been detected from GRBs[20],
future detection would make this approach very useful.
Constraints on EP– The motion of neutrinos and pho-
tons in a gravitational field can be described with the
post-Newtonian (PPN) formalism. Each gravity theory
satisfying EP is specified by a set of PPN parameters.
The limits on the differences in PPN parameters for dif-
ferent particles describe the accuracy of EP. The time
interval that photons or neutrinos require to traverse a
given distance is longer by
δt = −
1 + γ
c3
∫ a
e
U(r)dr, (1)
in the presence of a gravitational potential U(r)[21],
where e and a denote the location of the emission and
arrival of the particles. γ is the parameterized PPN pa-
rameter, which is γ = 1 in general relativity.
To calculate the time delay with Eq.(1), we have to
figure out the gravitational potential. The total grav-
itational potential consists of three parts, respectively
contributed by the blazar’s host galaxy, the intergalac-
tic space and our Milky Way. For sources at cosmo-
logical distances, the Shapiro delay due to nearby clus-
ters and/or superclusters turns out to be more important
than the Milky Way and AGN host galaxy[23], as will be
shown below.
One of the nearest clusters to the Milky Way is the
Virgo Cluster. The center of Virgo Cluster lies at a
distance ≈ 16.5 Mpc[22] at the position of RA=186.8◦
and Dec=12.7◦ (J2000). Its mass is estimated to be
1.2× 1015 M⊙ within 8 degrees (2.2 Mpc) from the cen-
ter of the cluster[24]. The angle between the direction
of PKS B1424-418 and the Virgo Cluster is ≈ 60◦, much
greater than the radius of the Virgo Cluster, so the clus-
ter can be treated as a point source when calculating the
gravitational potential.
The time delay is given by[6]
δt = (1+γ)Mcln{[XS+(X
2
S+b
2)1/2][XD+(X
2
D+b
2)1/2]/b2},
(2)
whereMc is the mass of the gravitational field source (the
Virgo Cluster), XS is the projected distance between the
particle source (PKS B1424-418) and the gravitational
source on the line of sight of PKS B1424-418, XD is the
projected distance of the gravitational field source on the
line of sight of PKS B1424-418, and b is the impact pa-
rameter (see Fig.1 in ref. [6]). Since in our case XS
is approximately equal to the distance of the blazar at
z = 1.522, we take XS ≈ 4400 Mpc, which is much larger
than b. The deflection angle of light is much less than
the angle between the directions of the particle source
and the gravitational field source, δθ ≪ θ, thus Eq. (2)
can be simplified as
δt = (1 + γ)Mcln(
2
1− cos θ
XS
d
), (3)
where d is the distance of the gravitational field source.
Noting that the logarithmic dependence on the angle and
the distance of the gravitational source, the time delay is
mostly determined by the mass of the gravitational field
source. Therefore, the Shapiro delay due to nearby clus-
ters in the intergalactic space is more important than
the Milky Way and AGN host galaxy. For the clus-
ters and superclusters around the direction of the blazar,
ln( 2
1−cos θ
XS
d
) ∼ 5. For γ ≃ 1 the time delay caused by
the Virgo Cluster is about 8.2× 1010 s.
The Great Attractor is another mass concentration in
the nearby universe. It has a mass of ∼ 5× 1016 M⊙[25]
and locates at a distance of about 63 Mpc. Its position is
at about RA=200◦ and Dec=−54◦ (J2000), so θ ≈ 17◦.
The Shapiro time delay due to the Great Attractor is
then 4.0× 1012 s.
Since the maximum possible time-travel delay between
the beginning of the outburst and the arrival of the neu-
trino is about 160 days, from the relation
γν − γγ
γ + 1
=
δtν − δtγ
δt
, (4)
we obtain γν−γγ ≤ 3.4×10
−4 and γν−γγ ≤ 7.0×10
−6,
respectively, for the Virgo Cluster and Great Attractor.
The limit obtained with the Great Attractor is about 2-
3 orders of magnitude tighter than the previous limits
obtained with MeV neutrinos from SN1987A.
Constraints on LIV.– The LIV predicts an energy-
dependent velocity of propagation in vacuum for parti-
cles. Taking into account only the leading order correc-
tion, we expect, for particles with E ≪ EQG, an approx-
imate dispersion relation
E2 ≃ p2c2 +m2c4 ± E2(
E
EQG
)n, (5)
where c is the constant speed of light (at the limit of zero
photon energy), and +1 (-1) corresponds to the ”sublu-
minal” ( ”superluminal”) case. Noting that the superlu-
minal neutrinos will produce electron-positron pairs and
loss their energy rapidly[26], very stringent constraints on
LIV have been obtained for superluminal neutrinos[27–
29]. We here consider the constraints for subluminal neu-
trino LIV. For E < EQG , the lowest order term in the
series is expected to dominate the sum. In the case that
the n = 1 term is suppressed, something that can happen
if a symmetry law is involved, the next term n = 2 will
dominate[17]. Here we only consider the n = 1 and n =
2 cases, since the data are not sensitive to higher order
terms for E < EQG. The limit on EQG,n for n > 2 would
be less constraining than the case with a lower n since
the delay time is proportional to ( EEQG,n )
n. The LIV time
delay of a high energy neutrino with an observed energy,
3E, emitted at redshift z is[19]
∆t =
1 + n
2H0
En
EnQG
∫ z
0
(1 + z′)n√
ΩΛ +ΩM (1 + z′)3
dz′, (6)
where H0 = 67.8km/s/Mpc is the Hubble constant and
ΩΛ = 0.692, ΩM = 0.308 obtained by the Planck
collaboration[30]. The maximum possible time-travel de-
lay between the beginning of the gamma-ray outburst
and the arrival of the neutrino is ∼ 160 days, so we take
∆t = 160d as an upper limit of the delay between photons
and the PeV neutrino. For linear LIV (n = 1), we obtain
a limit on the ”QG energy scale” as EQG,1 > 0.009Epl.
For the quadratic order LIV-induced vacuum dispersion,
we obtain EQG,2 > 6 × 10
−8Epl. Although the con-
straints on the linear LIV models is not as stringent as
that placed by GeV photons from GRB 090510, the con-
straints on the quadratic order LIV models is the most
stringent so far. As a comparison, the previously pub-
lished most stringent limits for the quadratic order LIV is
obtained from the bright flares of PKS 2155-304 observed
by HESS (EQG,2 > 5 × 10
−9Epl) and the Fermi GRB
090510 (EQG,2 > 10
−8Epl)[17, 31]. Thus, the constraints
placed by the blazar PeV neutrino on the quadratic or-
der LIV is a factor of 6 tighter than previous constraints.
Moreover, our constraints for both linear and quadratic
order models are the most stringent limits on neutrino
LIV for subluminal neutrinos.
Discussions– Assuming a physical association between
the PeV neutrino and the giant outburst of blazar PKS
B1424-418, we constrained the violation of the EP and
LIV using the arrival time delay between the neutrino
and photons. We note that a 5 % probability for a chance
coincidence between the giant outburst and PeV neu-
trino remains and our results are based on the suggestion
that the association is physical. Blazar flares have long
been suspected to be able to produce high-energy neu-
trinos (e.g. refs.[32, 33]; see ref.[34] for a recent review).
Although point source searches of a number of blazars
by IceCube have yield non-detection[35], it is completely
possible that a fraction of IceCube neutrinos come from
giant flare periods of blazars, as may be the case for PKS
B1424-418 and other blazars[36]. The large positional
uncertainty of this IC35 PeV neutrino is mainly due to
its cascade nature. If a muon-track PeV neutrino, with
a typical position error of only one degree, is identified
to be in temporal and positional coincidence with any
blazar flares in future, the confidence of the association
will be significantly increased.
The accuracy of testing EP could be further improved
if neutrinos from GRBs could be detected in future, since
the duration of GRBs is much shorter than that of blazar
flares. The cosmic-ray proton interactions with the GRB
fireball photons are supposed to produce a burst of neu-
trinos with energies up to ∼ PeV (e.g. ref.[37]; see
refs.[38] for a recent review). With a typical duration
of tens of seconds, the accuracy could be improved by
several orders of magnitude if a TeV-PeV neutrino associ-
ated with the prompt burst is detected. Taking the max-
imum time delay difference between the neutrino and the
prompt gamma-ray burst emission as δtν − δtγ ≤ 100s,
one would obtain γν−γγ ≤ 10
−9 when the Shapiro delay
due to the Virgo cluster is taken into account. Similarly,
the accuracy of constraining the LIV can be significantly
improved by GRB neutrinos.
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